Abstract Cultured cells provide an important in vitro system for examining metabolic interactions between the intracellular bacterium, Wolbachia pipientis, and its insect hosts. To test whether Wolbachia-associated changes in antioxidant activities could provide a tool to select for infected cells, we tested the effects of paraquat (PQ) on Aedes albopictus mosquito cells. Like mammalian cells, mosquito cells tolerate PQ over a wide range of concentrations, and for considerable lengths of time, depending on cell density at the time of treatment. When mosquito cells were plated at low density and allowed to grow in the presence of PQ, we measured an LC 50 of approximately 1-2 μM. Unexpectedly, cells persistently infected with Wolbachia strain wStr, from the planthopper Laodelphax striatellus, grew to higher densities in the presence of 1.5 μM PQ than in its absence. This effect of PQ was similar to the improved growth of host cells that occurs in the presence of antibiotics that suppress the Wolbachia infection. A more detailed examination of growth and metabolic sensitivity indicated that wStr is about 10-fold more sensitive to PQ than the mosquito host cells. Microscopic examination confirmed that Wolbachia levels were reduced in PQ-treated cells, and DNA estimates based on the polymerase chain reaction (PCR) indicated that Wolbachia abundance decreased by approximately 100-fold over a 10-d period. Although Wolbachia genomes encode superoxide dismutase, inspection of annotated genomes indicates that they lack several genes encoding products that ameliorate oxidative damage, including catalase, which converts the PQ byproduct, hydrogen peroxide, to molecular oxygen and water. We suggest that loss of multiple genes that participate in repair of oxidative damage accounts for increased sensitivity of Wolbachia to PQ, relative to its host cells.
Introduction
Manipulation of interactions between the intracellular alphabacterium, Wolbachia pipientis, and mosquito host cells will facilitate use of genetically modified Wolbachia strains to control vector populations. Towards this end, we seek to identify in vitro conditions that favor growth of Wolbachia-infected cells, relative to uninfected cells in a mixed population. Brennan et al. (2008) recently described increased abundance of host antioxidant proteins in Wolbachia-infected Aa23 Aedes albopictus mosquito cells, and suggested that host cell adaptation to Wolbachia infection involves induction of reactive oxygen species, coupled with increased expression of proteins with antioxidant activity. To determine whether up-regulated host antioxidant proteins, potentially coupled with additional antioxidant activities expressed from the Wolbachia genome itself, might provide an approach to select for Wolbachia-infected cells, we compared effects of paraquat (PQ) on infected and uninfected A. albopictus mosquito cells.
Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride) is a common, broad-spectrum herbicide with strong oxidizing activity that disrupts photosynthesis in green plants. In animals, PQ cytotoxicity has been associated with a number of mechanisms (Fukushima et al. 2002) , but its main target is the mitochondrial matrix (Cocheme and Murphy 2008) . Recent evidence shows that the PQ di-cation is transported across the mitochondrial membrane by an unknown carrier protein. Within the mitochondrion, the di-cation PQ 2+ is reduced to the reactive cation radical, PQ +/· . The PQ is converted to hydrogen peroxide by manganese superoxide dismutase (MnSOD; Zheng et al. 2007 ). Hydrogen peroxide is further reduced to molecular oxygen and water by catalases and peroxidases (reviewed by Fridovich 1997).
Using an A. albopictus mosquito cell line persistently infected with Wolbachia from the planthopper, Laodelphax striatellus (C/wStr1 cells; Fallon et al. 2013) , we found that concentrations of PQ that are tolerated by uninfected host cells suppress growth of Wolbachia. Thus, rather than providing a means of selecting for Wolbachia-infected cells, PQ provides a potential tool to eliminate Wolbachia infection. Inspection of available genomes indicates that Wolbachia encode a functional homolog of Escherichia coli SOD, in which critical residues important to enzyme function are conserved. In contrast, Wolbachia genomes lack several genes encoding products that ameliorate oxidative damage, including catalase, which efficiently breaks down hydrogen peroxide. We hypothesize that reduced ability to repair oxidative damage accounts for Wolbachia's high sensitivity to PQ, relative to mosquito host cells.
Materials and Methods
Cells and culture conditions. A. albopictus mosquito cell lines were maintained in Eagle's medium supplemented with nonessential amino acids, vitamins, glutamine, penicillin and streptomycin, glucose, and 5% heat-inactivated fetal bovine serum (E-5 medium) as detailed by Shih et al. (1998) . Uninfected cells used in this study included thymidine-kinase deficient TK-6 cells (Mazzacano and Fallon 1992 ) that served as hosts for infections with Wolbachia strain wAlbB (Fallon and Witthuhn 2009) , and C7-10 cells (Fallon and Kurtti 2005) , which were used more recently to establish a particularly robust infection with Wolbachia from the planthopper, L. striatellus (Noda et al. 2002) . Infected cells, designated C/wStr1, were recovered after prolonged (10 mo) storage as described previously (Fallon et al. 2013 ).
Paraquat treatment. Paraquat [methyl viologen dichloride hydrate (Sigma/Aldrich, St. Louis MO, Cat # 856177)] was dissolved in distilled water and sterilized by filtration. For long-term toxicity tests, cells were plated at 2×10 5 cells per 35 mm tissue culture dish, in 2 ml of E-5 medium. After 1-2 d (to allow attachment, in the case of Wolbachia-infected cells), PQ was added, and cells were allowed to grow until untreated control plates reached confluency (5 d;~3×10 6 cells/plate). Cells from duplicate plates were resuspended, diluted in phosphate-buffered saline (Dulbecco and Vogt 1954) and counted with a Coulter electronic cell counter. Cells from a second set of duplicate plates were evaluated for metabolic activity by conversion of methylthiazole tetrazolium (MTT) to a colored formazan product, as described previously (Fallon and Hellestad 2008) . With infected cells, additional plates were used for examination of Wolbachia by fluorescence microscopy and DNA quantitation by the polymerase chain reaction (PCR), as described below. For short-term toxicity tests, uninfected cells were grown to near confluency in 35 mm culture dishes, refed with PQ in fresh E-5 medium, and MTT assays were performed after 24, 48, and 72 h. Details relevant to particular experiments are provided in the figure legends.
Effects of PQ on Wolbachia-infected cells. C/wStr1 cells were pooled from two flasks, counted, and divided into four 60 ml portions at a density of 1×10 5 cells per ml. One portion of cells was used as an untreated control. A second portion was supplemented with PQ at a final concentration of 1.5 μM; the third portion was supplemented with the antibiotics rifampicin (Rif) and tetracycline (Tet), which suppress Wolbachia growth at final concentrations of 0.4 and 5 μg/ml, respectively; the final portion contained 1.5 μM PQ and antibiotics. Cells were plated in 35 mm dishes, 2 ml per plate; at 24 h intervals, cells from duplicate plates were resuspended and cells were counted using a Coulter electronic cell counter.
To estimate PQ sensitivity of Wolbachia, PQ concentrations ranging from 0.015 to 2 μM were added to C/wStr1 cells at an initial density of 3.4×10 5 cells per 35 mm plate, with an estimated infection level of 100% based on fluorescence microscopy. After 10 d, cells in duplicate plates were counted, an additional set of duplicate plates was assayed by MTT, a replicate plate was examined by fluorescence microscopy (not shown) and three 100 μl samples of resuspended cells and medium were assayed for Wolbachia by PCR. For microscopy, the medium was aspirated, and an approximately 6 mm diameter circle was drawn on the cell monolayer with a wax pencil to create a shallow well. A mixture of 50 μM Syto 13 (Invitrogen, Carlsbad, CA) and 50 μM propidium iodide (5 μL) was added to the circled area, and cells were covered with a glass coverslip and viewed with an Olympus IX70 fluorescent microscope.
DNA extraction and PCR analysis. For polymerase chain reactions, cells were uniformly resuspended in the growth medium, and DNA was extracted from 100 μl samples of cells in culture medium (which contained released Wolbachia) essentially as described previously (Fallon 2008) . DNA was recovered by ethanol precipitation, washed in 70% ethanol, dried, and resuspended in 100 μl of 1 mM NaCl. Samples were diluted 1000-fold, and amplified with Wolbachia-specific primers S12F (5′-GCACTAAGGTGTATACTACAACTCC) and S7R (5′-GCCTTATTAGCTTCAGCCAT), which amplify a portion of the prokaryotic ribosomal protein operon encoding ribosomal proteins S12 and S7 (Fallon 2008) .
Results
Effects of PQ on mosquito cells. To evaluate the effects of PQ on mosquito cells, we began by exposing near-confluent TK-6 cells to PQ for intervals ranging from 24 to 72 h ( Fig. 1 ). After cells were exposed to 1 to 4 mM PQ for 24 h, MTT values were similar to those of control values at the time of treatment (Fig. 1 , compare hatched "time 0" bar at 0 mM PQ to dark gray bars at 1-20 mM PQ). MTT values dropped below 50% of 24 h untreated controls (compare dark gray columns) only at relatively high PQ concentrations of 8 to 20 mM. By 48 h after treatment with 1 mM PQ, MTT values were reduced to 50% of the starting levels (compare light gray bars to the hatched bar), and metabolic activity was reduced by more than 90% (compare open columns) after 72 h exposure to 1 mM PQ.
To establish a more rigorous evaluation of PQ toxicity, we plated mosquito cells at a low density (2×10 5 cells per 35 mm plate) and allowed them to grow in medium containing PQ for approximately 5 d, until untreated control cells reached confluency. Cell numbers were measured using a Coulter electronic cell counter, and metabolic activity was based on MTT assays (Fig. 2) . Although residual cell numbers at the highest concentrations of PQ were about 20% in the data set based on cell counts (open circles), LC 50 values were in the range of 1-2 μM PQ based on either metabolic activity (closed circles) or cell number (Fig. 2) . These initial results with TK-6 cells were further validated with C7-10 cells, which, with Wolbachia strain wStr, maintain a more robust Wolbachia infection (Fallon et al. 2013) than that described earlier with TK-6 cells and Wolbachia strain wAlbB (Fallon and Witthuhn 2009 ).
Effects of PQ on Wolbachia-infected cells. To test whether host cell antioxidant activities (Brennan et al. 2008) attributed to Wolbachia in the Aa23 cell line infected with wAlbB (O'Neill et al. 1997) might provide a means to enrich for Wolbachia-infected cells, we evaluated effects of PQ on C/wStr1 cells, in which the Wolbachia infection is sufficiently robust for detection of Wolbachia proteins against a background of host cell proteins by gel electrophoresis (Fallon et al. 2013 ). With C/wStr1 cells, suppression of Wolbachia by addition of Rif and Tet to the culture medium allows host cells to attain higher densities than untreated, infected C/wStr1 cells (Fig. 3 , compare open and closed circles), suggesting that Wolbachia imposes a metabolic cost on its host cells. When C/wStr1 cells were treated with 1.5 μM PQ, either with (Fig. 3, open squares) or without Rif and Tet (Fig. 3, closed squares) , cells grew to intermediate densities. Because PQ treatment alone allowed Wolbachia-infected cells (Fig. 3 , solid squares) to attain higher densities than Wolbachia-infected controls without PQ (solid circles), we suspected that low levels of PQ reduced levels of Wolbachia, albeit to a lesser extent than the combined effects of Rif and Tet. We noted that by day 8, the effect of PQ was slightly enhanced in the presence of antibiotics, but we have not explored whether this modest effect is statistically significant. Visual inspection of cells stained with Syto 13 and propidium iodide by fluorescent microscopy confirmed that Wolbachia levels were reduced in PQ-treated cells, relative to untreated control cells.
To further evaluate Wolbachia sensitivity to PQ, we added concentrations ranging from 0.015 to 2 μM PQ to C/wStr1 cells at an initial density of 3.4×10 5 cells per 35 mm plate, with an estimated infection level of 100% based on fluorescence microscopy. After 10 d, cells in duplicate plates were counted (Fig. 4A, open circles) , and an additional set of duplicate plates was assayed by MTT (Fig. 4A, closed circles) , a replicate plate was examined by fluorescence microscopy (not shown) and three 100-μl samples of resuspended cells and medium were assayed for Wolbachia DNA by PCR (Fig. 4B) . On day 10, cell counts ranged from 6.8×10 6 cells per plate in the absence of PQ, to 8.8×10 6 cells per plate at 2 μM PQ. This modest, 1.3-fold increase in cell numbers was accompanied by more substantial changes in metabolic activity. MTT values varied from 0.45 in the absence of PQ, to a maximum of 2.5 at 0.25 μM PQ, and declined as PQ concentrations approached the LC 50 for the host cells. Based on the transition from lower to higher cell number and MTT values, we estimate that Wolbachia is sensitive to PQ at concentrations as low as 0.08 μM, and thus is approximately 10-fold more sensitive to PQ than uninfected host cells (Fig. 2) . To validate microscopic evidence for reduction in Wolbachia abundance, we quantified Wolbachia DNA amounts by PCR. Even at the lowest levels of PQ, we detected a decrease in Wolbachia DNA (Fig. 4B) , which was enhanced with increasing PQ concentrations. Using additional serial dilutions (not shown), we estimated an approximately 100-fold decrease in Wolbachia DNA at 2 μM PQ, relative to untreated controls.
In silico analysis of Wolbachia antioxidant genes. To understand Wolbachia's response to PQ in the context of proteins known to play key roles in ameliorating oxidative damage, we used BlastP in the NCBI database (http://www.ncbi.nlm.nih.gov/; searched as of Dec., 2012) to examine annotated genomes in the Rickettsiales (taxid 766), which include Wolbachia and related genera of obligate intracellular alphaproteobacteria, including Anaplasma, Ehrlichia, and Rickettsia. Among the superoxide dismutases, catalases, and peroxidases, Wolbachia strains wAlbB (ZP_09542721) and wPip (YP_001975359) encode a single SOD gene, which had slightly greater homology to the constitutive, FeSOD (YP_489920), relative to the inducible MnSOD (YP_491542) enzyme in E. coli (Fig. 5) . The E. coli enzymes and their Wolbachia homologs shared identities at the active sites identified in the crystal structure of E. coli MnSOD (Edwards et al. 1998; Borgshahl et al. 2000) , including H26, H30, Y34, H81, D167, E, 170, H171, Y174 (boxed in Fig. 5) . However, the E. coli enzymes varied at Q146, and the alanine in the Wolbachia homologs matched E. coli FeSOD, rather than E. coli MnSOD (shaded gray in Fig. 5) . A similar pattern (alignment not shown) of conservation extended to representative SODs from Wolbachia-related alphaproteobacteria in the genera Rickettsia (YP_001494799), Anaplasma (YP_153998), and Ehrlichia (YP_197429). Dismutation of superoxide by MnSOD generates hydrogen peroxide, which itself is a reactive oxygen species. With the possible exception of Wolbachia from the filarial nematode, Onchocerca volvulus (Henkle-Durhsen et al. 1998) Wolbachia genomes do not encode catalase, which would be predicted to minimize toxicity of hydrogen peroxide. 
Discussion
Superoxide dismutases, catalases, and glutathione peroxidases protect cells against oxidative damage caused by low levels of reactive oxygen species (ROS) released as a normal byproduct of aerobic respiration (Fridovich 1997) . The observation that Wolbachia infection is associated with higher levels of oxidative enzymes (Brennan et al. 2008) led us to explore whether infected cells would have a selective advantage over uninfected cells when treated with PQ, which induces oxidative stress in a wide range of species (Cocheme and Murphy 2008) . Sensitivity of animal cells to PQ varies considerably. For example, with Chinese hamster ovary cells assayed by colony formation, Starr et al. (1986) reported an LC 50 of 50 μM, and selected resistant lines by exposing cells to PQ concentrations ranging as high as 0.5 mM. After short-term exposure, Salmon et al. (2005) reported an LC 50 of 3 to 4 mM PQ for primary mouse fibroblasts derived from skin biopsies. Like mammalian cells, mosquito cells tolerated PQ over a wide range of concentrations, and for considerable lengths of time, depending on cell density at the time of treatment (compare Figs. 1  and 2 ). Contrary to our expectations, however, PQ was more toxic to intracellular Wolbachia than to its host cell, and caused an approximately 100-fold reduction in Wolbachia levels during a 10-d growth cycle.
Better-studied human and E. coli models (Zheng et al. 2007; Cocheme and Murphy 2008) have shown that in eukaryotic cells, the PQ di-cation is transported to the mitochondria, where it is converted to an active radical that generates superoxide, which in turn is reduced by MnSOD. Evidence for MnSOD as the primary target for PQ includes protection from PQ toxicity by overexpression of SOD and hypersensitivity to PQ when SOD activity is reduced (reviewed by Cocheme and Murphy 2008) . Likewise, RNAi-induced silencing of Drosophila mitochondrial SOD increases sensitivity to PQ (Kirby et al. 2002) . Reduction of superoxide by MnSOD generates hydrogen peroxide (Zheng et al. 2007 ). Like superoxide, hydrogen peroxide is also a reactive oxygen species. Although the details remain under investigation, kinetic studies suggest that hydrogen peroxide interacts with MnSOD to form a product-inhibited complex (Zheng et al. 2007) . In most cells, however, hydrogen peroxide is reduced to water and molecular oxygen by catalase, which has one of the highest efficiencies of known enzymes. In the mosquito cell, catalase would be expected to act in concert with MnSOD to relieve PQ-induced oxidative damage.
In contrast to E. coli, which expresses three SODs, Wolbachia genomes contain a single SOD gene, encoding proteins with 37-43% identity with E. coli MnSOD. Wolbachia SODs have high conservation of residues that constitute the active site in the E. coli enzyme, with the exception of the Q/A substitution at residue 146, which also occurs in E. coli FeSOD (see open and shaded boxes in Fig. 5 ). We note that the active site residues characteristic of E. coli MnSOD are likewise conserved in human and mosquito MnSODs (not shown).
In E. coli, superoxide acts through the SoxR and SoxS transcription factors (Gu and Imlay 2011) , which activate expression of co-regulated genes to restore cellular homeostasis (Pomposiello et al. 2001) . Of approximately 100 genes encoding proteins that reduce oxidative stress through the SoxRS response, MnSOD (sodA) is most prominent (see Table 1 in Pomposiello et al. 2001) . In this context, we note that genomes of Wolbachia and other members of the Rickettsiales do not encode homologs of the transcription factors SoxR and SoxS, which have presumably been lost with genome streamlining that has occurred in these intracellular microorganisms (Wu et al. 2004 ). Thus, Wolbachia and its close relatives appear to lack an important system that might otherwise enhance protection from oxidative stress. Moreover, with the possible exception of Candidatus Odyssella thessalonicensis, members of the Rickettsiales also lack homologs of E. coli endonuclease IV, an inducible DNA repair enzyme activated by PQ (Chan and Weiss 1987) .
In the context of oxidative damage repair, we further note that members of the Rickettsiales lack homologs of E. coli glutathione peroxidase (YP_489972), but do include members of the periredoxin family of enzymes, which feature a conserved cysteine at the active site (in wAlbB, these are ZP_09542550, ZP_09542239, and ZP_09542235; Mavingui et al. 2012 ). Finally, with the possible exception of Wolbachia from the filarial nematode, O. volvulus (Henkle-Duhrson et al. 1998) , Wolbachia genomes do not encode catalase, whose high efficiency could be particularly important in removing hydrogen peroxide resulting from PQ treatment.
In conclusion, our studies indicate that because Wolbachia is more sensitive to oxidative damage than its host cell, agents that elicit oxidative stress cannot provide a means of selecting Wolbachia-infected cells in vitro. We envision that in mosquito host cells the combined activities of MnSOD and catalase likely contribute to PQ tolerance. In support of this scenario, Mockett et al. (2003) showed that in Drosophila, overexpression of catalase in mitochondria, but not in the cytosol, protects against PQ. Although it remains possible that hypothetical proteins encoded by Wolbachia have additional, as yet unexplored activities that ameliorate oxidative damage, Wolbachia's higher sensitivity to PQ is supported by in silico analyses, which show that Wolbachia and its close relatives lack genes encoding catalase, as well as other regulatory proteins that mediate protection against ROS. Our observations suggest that Wolbachia-induced increases in intracellular levels of host antioxidant proteins (Brennan et al. 2008) are not sufficient to protect Wolbachia from exogenous inducers of ROS such as PQ. We envision that future improvements in the manipulation of Wolbachia in mosquito cell lines will eventually facilitate assays in which Wolbachiaencoded activities can be measured independently of host cell activities.
